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Dimer-structure Embedding: A Bridge Toward Accurate Performance
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Abstract The optical and catalytic properties of covalent organic frameworks (COFs) are highly dependent on
electronic-structure synergy arising during framework assembly. However, the intrinsic properties of isolated
monomers alone are often insufficient for accurately predicting the macroscopic performance of the resulting
frameworks, which has become a central bottleneck in the rational design of COFs. In recent years, artificial
intelligent (AI) has been widely introduced into COF performance prediction. Nevertheless, most existing models
use molecular descriptors of monomers as inputs and therefore struggle to capture key assembly-induced effects
such as orbital reorganization and charge transfer, resulting in limited predictive accuracy and chemical
interpretability. To address this issue, this article systematically describes an Al prediction strategy based on dimer
electronic-structure embedding. In this strategy, the dimer formed by connecting aldehyde and amine monomers
through an imine linkage is used as an intermediate representation. By incorporating information on local bonding,
frontier-orbital coupling, excited-state charge distribution, and related electronic features, this representation
effectively bridges the cognitive gap between monomer structures and framework-level properties. This article
first analyzes the physical origin of the prediction discrepancy between monomers and frameworks and clarifies
the chemical rationale for using dimers as intermediate representations. It then summarizes Al model construction
based on dimer descriptors, illustrates the application of this strategy using luminescent COFs and photocatalytic
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COFs as examples, and finally discusses current challenges and future perspectives.

Keywords Covalent organic frameworks; Dimer; Electronic structure; Artificial intelligent; Macroscopic
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Fig. 1 Schematic illustration of the dimer as an intermediate representation layer bridging monomers and the extended framework.

Left: aldehyde and amine monomers; Middle: the dimer formed through imine linkage, encoding key electronic-structure information

including frontier molecular orbitals and excited-state charge distribution; Right: the periodic COF structure.
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Table 1 Al model descriptors based on dimer electronic structures and their physical meaning.

Descriptor class Specific parameters

Physical significance

Relevance to performance

Frontier orbital HOMO, LUMO, energy gap

Charge-transfer  Sr, transferred charge, transfer distance

Excited-state ~ Excitation energy, oscillator strength,

transition dipole moment
Vibrations Reorganization energy, vibrational

frequency

Occupied and unoccupied
electronic states

Excited-state electron-hole

Excited-state energy and
transition probability

Optical absorption, electron-transfer

thermodynamics
Radiative transition probability,
distribution charge-separation efficiency

Extinction coefficient, radiative rate;
PLQY

Non-radiative decay strength  Non-radiative rate, thermal dissipation

TESERRTE A, ZRAEHIRTE N KA — &
TALERRE,  DMRIE GG 25 M 1) i a] Bk . Sl w4
X WV Ji e 4 — TR AR AT B3 T LT AR AR i i
SRATCRES, R I T B3LYP-D3(BJ)-
PBE0-D3(BJ)2X wB97X-D &5 & A iR IEiZ bR, B
6-31G(d,p)=k def2-SVP FEAALAL 451, FiRFH def2-
TZVPSERRFEH T H R S RE . ATARPEREH A TD-
DFT B A5 25201, 5%f T- B B L 4 4 4, CAM-
B3LYP 8 wB97X-D 55K FEAL IEVZ bR B Jy 45 1127281,
YRS MR LSS, AT 5] N PCM B SMD A5, 1fij
[i] % COF's & # T0I b v] SR F B 25 84— LW 4K
j&{um,m].

ANFIZ R AR TS TR 2 S 1R 155 (1) 244
XEUE, JCHRKERMERS, B, EREAN
EPRRERHAS I EAKCE, IR R bR
1, SRR 32 A S A ok 5 R 2 TR (R AR 25 5,
Tk LM, PTERUD AR MR AT &
KBRS, DUV T A g i . SRR R
W LR . BTSN ESMELHRE, o
DB E/Z kg 9B AR M T N A B AT
MR R, RAGEIRIKE BRI REY. HAAEL
NI RER S, 7K H Boltzmann A -3 506 b
PG BRI N AN P 4 AN B2,

FRELT B TR 155 R B A ZE IR T, 3R
A TR AF R 35 T M DA 7 R i T 48 2802 1) [
B, BIANEBIERAIRESMBEFENGEE. 2
PRI IR TR AR, & A PR 55 Kk 45
), AH 32 B WA, A B 5 TG R SR 3 T, DA
A A T S 7 A R I B 2E R F e AR AR,
JE PR A SR IR 1F B 0 LS AR 2 1, BRI IR

Reir . HESFMKMEEM BN, (HiEFFE7TE R
P AsE . A AR AN DL I f - S R A, A
A S BT 5 IR /L0, Mtk T, =
RARF A T R AE AR LAl b 38 0 R
A, ZIREE 2 5] A\ 5 Y HOMO/LUMO fiE
RULKC . - ES Sty AT R B A
HARRE SR, MM IR AR R 77 6 IE 2
BT IR L R A B AN 2L SEBRB Al AR
FH RN R 7> 7, F MAE. RMSE 5 R?
= TUIORG B, A 326 &5 H4) ST 35 v SRR [ 4 = 07 i
R, JrEdE—E s W B (A
53 B UE PEAG A B ) A HE RS e PR3, 3 R AR IR AT
FHE SRS IR 77 BEOS PRAR T R 22 . TRl 2R gk
HbRREME, TR U S5 R AR S 251K T o 2 A A PR A
BEvHA, RAT U B AEERYE . AR YR
Z AR | S B b
2.2 INEEARFGTRIRBI R RE

COFs & R K . RAESA T, 7T H T
TINS5 1) S50 H a8 o -+ 0 A PR . B/ INREA %
PR, Siamese 1148 W 28 & — Fh I R id A (B 42
34331, 55 A 253 [B] U A5 A 9 2 > M5 ) B P e 1)
BIC ST BRI BN [R] 12 P 4 3l e e B 2 > 1 7 S ST
2R 2 T AR DG 2R, T IR 6 b 2 e
PEREFE AR5 Mg A A AE — SR AR L S5 MR AIE
() A PR S, Xk 3 45 ) R AT HR PP AT HHE R (1] 20 1
2b). X T AU 7 =) (R T iR R b A AR
PR E M R ) OCHARRAIE,  PERUCHR AR B SR I A
TAL G R R )z A e

Siamese 1 22 [0 2% (1) 32 A4 B8 J1 AL T 194 2%
SERIAR S, 5 UNZRH BUAURE AT (dissimilar pairs)



N

Mmoo T OF Rk 5
(a) Unit candidates: :
Ha 202 NH2 | OHC CHO
) ,
Sas ' c
Ami units (20) Hyn NHz | Ald units (26) OHC Eat
Hall pH2 ! OHC, CHO
Literature @ @ 1 @ a.’\‘
@5 6©b ; OO
— LLM HaN fz | Uﬂp QHO
Hzl NHz ! HE
Extracting 2! 2, (o] HE
b building blocks N DRE L | @ d >
R -1 . ; N\N..
Literature S B) I @ |
v P! iy OHC
Chemical space Research Ha NHz | cHe
_________________________ e e e s T
Dataset curation expert COF candidates:
+ Bridged b %ner models
Chemical x H @ d i
space Ami units (20) Ald units (26) PL-COF (520, where 494 dimer models were built)
T =
Encode Pretraining Prediction
NHz CHO NHz CHO

o o], [d;]d,]-]

14 descriptors

X ©

for ami units
CHO
MLP model ﬂ @ mp [d]d; [ds]de] ]
- 14 descriptors
Pretraining for ald units
()

ISy

evo) 1 Synthesis
and test
. y Learn and refine
Interactive learning
Experiment-learning
evolution Recommend

(©
s ~ Performance
tructure prediction
and i

Generation
model
(trained)

Reaction

conditions
A
~J N\
L ( \ S
S =
&

@ L]

Physics-informed descriptors

Fig. 2 (a-c) Workflow of an Al prediction model based on d

@9
X =

Input: [d, [ d, [dy[d, [-[di [ d, [ds]d, -]
Output: excited-state properties of dimers

T~

Dimer

X

- 06—
-

Input:[d, [ d, [dy[d,[-~[d\[ d, [ds] d,[-]
Output: fluorescence property of PL-COFs

PL-COFs

@ Y pLcorn

= r . PLCOF10

== %

Y f ----- PL-COF-9
' A, pLcor8

F-3 ¥

%%}ﬁmm

PL-COF-1
Experimental evaluation

1308

SHAP value

GOF and solvent

FEFLLSFLLT S @
@ (\a%ﬁox\go
g

/X

d 9 ° P
F e

imer structures. (a) Descriptor extraction; (b) Training of a Siamese

neural network; (c) An iterative closed loop integrating experimental validation and data feedback, together with a chemist-guided

human-in-the-loop decision-making process (Reprinted with permission from Ref. [15]; Copyright (2025) Nature Publishing Group).

(d, e) Representative applications of the dimer electronic-structure embedding strategy; (d) Comparison of PLQY for luminescent
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